Progress in the study of neuronal migration has been facilitated by the characterization of genetic developmental disorders resulting in abnormalities in cerebral cortex development. Among such disorders, type I lissencephaly (smooth brain) is a genetic syndrome
. The complex has a Ndel1, as well as that of their complexes (Table 1 ). The complexes of LIS1 with PAF-AH and Ndel1 are stable two-fold symmetry axis, consistent with earlier studies, which indicated that LIS1 is a dimer (Garcia-Higuera (see below) and could be prepared in good yields for crystallization. Crystallization attempts with the LIS1/ et al., 1996). However, in the crystal structure, the ␤ propellers are disconnected, because the N-terminal Ndel1 complex yielded poorly diffracting crystals whose improvement is underway. Crystals of the LIS1/(␣ 2 /␣ 2 ) domain of LIS1 (N-LIS1), which is thought to mediate dimerization (Kim et al., 2004; Tai et al., 2002), is not complex were also obtained that diffracted X-rays to a resolution of 3.4 Å ( Table 2 and Experimental Proceseen in any of the five independent complexes in the crystal's asymmetric unit, although the presence of indures). Since the structure of the ␣ 2 PAF-AH chain has (B) Ribbon diagram of the complex. LIS1
A and LIS1 B are blue, and ␣ 2 A and ␣ 2 B are red and yellow, respectively. A black ellipse marks the position of a two-fold axis running along the viewing direction. N and C mark N and C termini of each monomer, respectively. The dimerization domain linking the ␤ propellers of LIS1 is invisible in the electron density. The displayed assembly is the only one in the AU to be compatible with a monodisperse LIS1/␣ 2 tetramer (Table 1) tact, full-length LIS1 protein was confirmed by SDS-PAGE (data not shown). Using analytical ultracentrifugation, we confirmed that both ␣ 2 and LIS1 formed tight dimers in solution and that their complex has the expected molecular weight for a 2:2 heterotetramer (Table 1).
The LIS1 N-Terminal Domain and Its Function in LIS1 Dimerization
Although the N-LIS1 domain is not visible in the complex, its structure is known from an independent study (Kim et al., 2004). As shown in Figures 1A and 1E , the N-LIS1 region consists of the dimerization LisH motif (residues coil conformation, as observed in the N-LIS1 crystal structure, may correspond to the isolated LIS1 homodimer. We argue, however, that this conformation is unlikely to coil (residue 79) shown in Figure 2A . Thus, we postulate be present in our crystals, because the distance bethat binding to the ␣ 2 homodimer separates the two ␤ tween the first visible residues in the two ␤ propellers propellers and forces the ␣4 helices to adopt the open of LIS1 (residue 90) is 60 Å , which could not be accomscissor conformation, as shown in Figures 2C and 2D ), modated by two relaxed 10 residue segments of polydriven by the energetic gain from new interactions at the ␣ 2 /␤ propeller interface (described below). This hypeptide chain parting from the end of the parallel coiled- Figures 3A and 3B , the G ␣ and ␣ 2 subunits have been superimposed to illustrate ever, that none of these structural studies addressed possible structural changes that might occur within that their binding to the cognate ␤ subunit is not amenable to a direct comparison due to substantial structural PAF-AH and LIS1/PAF-AH in the presence of substrates. Nevertheless, LIS1 doesn't seem to be able to grossly differences between the ␣ subunits. G ␣ uses its N-terminal ␣ helix, which protrudes away from its structural alter the catalytic activity of PAF-AH ( form a high-affinity complex ( (Figures 4C and 4D ). The footprint left from ␣ 2 on LIS1 exclusively marks residues on the in each ␣ 2 protomer (marked by blue hexagons in Figure  1D ) are conserved in ␣ 1 , explaining why both proteins top surface of the LIS1 propeller ( Figure 4E ), which is often identified as a critical site for protein interaction bind LIS1. These residues define a LIS1 binding signature, conserved in Xenopus laevis. Only five residues in in ␤ propeller structures (Smith et al., 1999) . In order to characterize the interaction of LIS1 with this signature are conserved in the catalytically inactive Drosophila ␣ subunit homolog, which doesn't bind LIS1 PAF-AH in more detail, we analyzed the pattern of conservation of LIS1 residues on the ␤ propeller. For this, we (Sheffield et al., 2000) . Overall, 1563 Å 2 are buried in each of the two ␣ 2 /LIS1 interfaces ( Figures 4C and 4D) .
aligned 12 LIS1 sequences from yeast to man (reported in the legend to Figure 1E ; the full alignment can be found As already explained, each LIS1 propeller interacts with Interestingly, most residues in the conserved strip described above are also either fully conserved or conservatively mutated in Saccharomyces cerevisiae. Because dynein binding is an evolutionarily conserved feature of LIS1, and LIS1 uses its ␤ propeller domain to bind dynein (Tai et al., 2002) , our analysis strongly suggests that the conserved surface patch of LIS1 is likely to be involved in dynein binding.
Implications of LIS1 Conservation for Ndel1 Binding
Another LIS1 ligand, Ndel1, is present in most LIS1-containing species, but not in Saccharomyces cerevisiae, suggesting that the conserved LIS1 strip is unlikely to be required for binding Ndel1. Consistent with this hypothesis, mutation of R238 to alanine did not prevent binding of LIS1 to Ndel1 in vitro, while it completely abolished ␣2 binding (data not shown). A third highly conserved patch (side patch 3, Figure 5A ) is present on Comparing Figures 4E and 5A , it is immediately evithat the Ndel1 segments binding LIS1 are tight elongated dimers (Table 1) , consistent with the prediction that the dent that there is a strong correlation between the ␣ 2 binding site revealed by our structural analysis and the N-terminal region of Ndel1 (residues 1-175) forms a coiled coil. Thus, the high apparent molecular weight of conserved LIS1 patch on the top surface of the ␤ propeller. Thus, most of the LIS1 residues identified as ␣ 2 Ndel1 is likely explained by its elongated structure (Table  1) , which accelerates elution from a SEC column. For ligands are strongly conserved in the LIS1 orthologs. The evolutionary pressure preserving the top of the LIS1 comparison, both LIS1 and PAF-AH, as well as the tetrameric LIS1/␣2/␣2 complex, eluted as expected for their propeller, however, is unlikely to be due to its interaction with ␣ 2 , as this appears to be limited to vertebrates (see theoretical molecular weights reported in Table 1, . As After a 1 hr incubation, the resulting complex was analyzed by SEC. As shown in Figure 6D , the complex eluted with PAF, the three substances were used at a concentration of 100 M, which based on previous results are with an apparent molecular weight of at least 200 kDa (the theoretical molecular weight being approximately expected to be sufficient to inhibit PAH-AH activity and cerebellar granule cell migration (Adachi et al., 1997). 120 kDa; see Table 1 ). Once again, we suggest that the discrepancy between the theoretical and the observed All three compounds failed to produce significant changes in the elution patterns of the LIS1/PAF-AH commolecular weight is due to the elongated nature of Ndel1. In separate analytical ultracentrifugation experiments, plex or on the ability of ␣2/␣2 to compete with AlexaNdel1 for LIS1 binding (results with CV-3988 are shown we determined that the LIS1/Ndel1 complex is a tetramer, confirming that the elongated shape of the complex in Figures 6J and 6K , and those with carbamoyl-PAF and lyso-PAF are shown in Supplemental Figure S2 [http:// is likely the cause of the apparent shift in molecular weight (Table 1) .
www.neuron.org/cgi/content/full/44/5/809/DC1/]). In summary, our in vitro analysis does not provide a simple To test if PAF-AH competed with Ndel1 for LIS1 binding, we generated the LIS1/Alexa-Ndel1 complex, as explanation for the ability of PAF-AH inhibitors to interfere with granule cell migration, and further studies will described above, and incubated it with a 2.5-fold or a 14-fold excess of ␣ 2 for 1 hr. The products of this incubabe required to establish if PAF-AH activity influences LIS1 activity in living cells. tion were then analyzed by SEC (Figures 6F and 6G) . Distinct LIS1/␣ 2 and LIS1/Ndel1 peaks were observed The LIS1/Ndel1 complex is a tetramer and the interaction has comparable strength relative to LIS1/␣ 2 (Table  concomitantly with 1AV1, 1JAD, and 1CUN , recould be due to a modulation of the interaction of PAFspectively) as the closest structural homologs of Ndel1 AH with LIS1, we asked whether active site ligands of (data not shown). On the basis of this information, we PAF-AH alter the ability of PAF-AH to interact with LIS1 speculate that Ndel1 forms an antiparallel coiled coil in vitro. In a first experiment, we asked whether the that interacts with the N-LIS1 domain, orienting its two-PAF-AH substrate PAF (1-O-alkyl-2-acetyl-sn-glycerofold axis with the two-fold axis perpendicular to the 3-phosphorylacoline) influenced the stability of the incoiled-coil axis of Ndel1 (Figure 7) . Because both Ndel1 teraction of LIS1 with PAF-AH, as assessed by the ability and LIS1 are very tight dimers that do not break upon of the constituent subunits to remain associated in a formation of the LIS1/Ndel1 complex (Table 1) , this SEC separation. LIS1 and the ␣2/␣2 dimers were mixed model explains the 2:2 stoichiometry of the complex, in a buffer containing 100 M PAF, and after a 1 hr which would be more difficult to explain if Ndel1 formed incubation the resulting mix was analyzed on a Superdex a parallel coiled coil. According to this model, Ndel1 200 column using equilibration and elution buffers also may function as a molecular "ruler" that is required to containing 100 M PAF ( Figure 6H ). We did not observe orient the LIS1 ␤ propeller domains for dynein binding. any significant deviation in the elution properties of LIS1/ The ␣4 helices in the N-LIS1 domain, which according PAF-AH after addition of PAF, indicating that the LIS1/ to our findings are implicated in LIS1 binding, might be ␣2/␣2 tetramer retains its stability in the presence of a oriented along the Ndel1 coiled coil, placing the two PAF-AH substrate. We also tested whether the ability WD40 domains at the appropriate distance for dynein of the ␣2/␣2 dimer to displace Alexa-Ndel1 from LIS1 binding (Figure 7) , consistent with the idea that LIS1 was sensitive to the presence of 100 M PAF in the binds dynein at two distinct sites in the motor and stem reaction, equilibration, and elution buffers of the SEC domains (Tai et al., 2002 ). The C-terminal region of Ndel1 experiment. Also in this case, we did not observe any will increase the complexity of this model, as it contains difference in the ability of ␣2/␣2 to displace Ndel1 from a dynein binding domain and several CDK5 phosphory-LIS1 relative to the levels of competitions that were lation sites that may be important for the modulation of observed in the absence of substrate ( Figure 6I Table 2 analysis were recorded when no significant difference was observed between scans taken 2 hr apart. The measured data were analyzed using a single component model implemented in the Origin software Experimental Procedures package provided with the instrument. The program SEDNTERP was employed to calculate partial specific volume from the amino cDNA, Cloning, Expression, and Purification acid composition and the buffer density. Sedimentation velocity Polymerase chain reaction fragments of human Ndel1 and the fulldata were collected at 45,000 rpm using a two-sector centerpiece length ␣ 2 cDNAs were subcloned in the pGEX6P-1 expression vector sample cell. Absorbance scans were measured at 1 min intervals. (Amersham) and expressed in E. coli strain BL21 (DE3). Mouse LIS1 Data were analyzed using the program DCTPLUS (Philo, 2000) . cDNA was subcloned in pFAST-Bac-HTb (GIBCO/Life Technologies) as a fusion to a hexahistidine tag (His tag). The protein was expressed in Spodoptera frugiperda (Sf9) cells. Ndel1 and ␣ 2 were Transfection and In Vitro Binding Full-length LIS1 and N-LIS1 (residues 1-92) were subcloned into purified by glutathione-affinity chromatography. The GST tag was removed using Prescission protease, and the resulting proteins were pCDNA3.1c (Invitrogen) as a fusion to the FLAG tag. HeLa cells were allowed to grow to 30%-40% confluence in 10 cm plates and further purified by size-exclusion chromatography using a Superdex 200 column. LIS1 was purified to near homogeneity in a single step transfected with 10 g of plasmid DNA and Lipofectamine. After 36 hr, cells were washed once with DPBS, resuspended in 1 ml DPBS, using Ni-NTA (Qiagen) and released from the His tag with the rTEV protease. Purified LIS1 was mixed with equimolar amounts of either and sonicated. The lysates were cleared by centrifugation and their concentration adjusted to 0.2 g/l. Lysates (200 l) were incubated Geiser, J., Schott, E., Kingsbury, T., Cole, N., Totis, L., Bhattacharyya, G., He, L., and Hoyt, M. (1997) . Saccharomyces cerevisiae with 10 g of purified GST, GST-␣2, and GST-Ndel1 bound to glutathione beads (Amersham Biosciences 
